Introduction
============

Platelets play a prominent role in the pathophysiology of acute myocardial infarction and ischemic stroke, which are the major causes of mortality worldwide.^[@b1-1040806]^ Anti-platelet drugs remain the mainstay for the prevention of these catastrophic events. Nevertheless, the anti-platelet agents currently in vogue have limited efficacy in preventing thrombotic events without significantly raising bleeding risk.^[@b2-1040806]^ There is remarkable redundancy in potential agonists inducing platelet activation, as well as plasticity in the signaling paths downstream of these agonists. Patients on anti-platelet drugs that inhibit platelet responses to specific agonists continue to experience adverse thrombotic episodes, since other potential triggers and parallel signaling cascades can still activate platelets. Hence, it is vital to discover novel anti-platelet strategies to address these limitations.

In an intact vasculature, platelets are relatively inactive and are, therefore, described as 'resting'. However, they are extremely responsive to any breach in the vessel wall and are highly efficient in sealing the defect. Following a break in endothelium, platelets interact with, and adhere to, the now exposed subendothelial matrix proteins, such as collagen, through their cell surface receptors. These receptor-ligand interactions initiate signaling cascades that lead to: (i) a change in the shape of platelets from discoid to 'spiny-spheres', (ii) platelet-platelet aggregation through fibrinogen bridges connecting high-affinity integrins, and (iii) degranulation of platelet storage vesicles, the contents of which serve to amplify responses to vessel wall injury. A chain reaction of platelet activation and aggregate formation, as well as conversion of fibrinogen to insoluble polymers of fibrin, culminates in plugging of the defect in vasculature. This response is termed 'hemostasis'. A similar but more exaggerated response from platelets upon rupture of an atherosclerotic plaque leads to arterial thrombosis with potentially fatal consequences, such as myocardial infarction and ischemic stroke.^[@b3-1040806]^

Platelet responses to agonist stimulation, including adhesion, shape change, integrin activation, aggregation, exocytosis of granule contents and clot retraction are all energy intensive processes.^[@b4-1040806]--[@b7-1040806]^ Nevertheless, platelets accomplish these responses while trapped within the relatively impervious boundaries of a thrombus, with restricted access to nutrients and oxygen. We hypothesized that it is imperative for activated platelets within a thrombotic milieu to adapt their energy metabolism to these challenges in order to sustain and hold the thrombus together. We employed a high-resolution bioenergetics screen to establish aerobic glycolysis and the consequent flux through the pentose phosphate pathway (PPP) as the metabolic signature of agonist-stimulated platelets. Using small-molecule modulators -- dichloroacetate (DCA), diarylsulfonamide (DASA-58) (DASA), and dehydroepiandrosterone sulphate (DHEA) -- which target these pathways, we demonstrate that rewiring of metabolism is essential for activation of human platelets *ex vivo* as well as thrombus formation in a murine model *in vivo*. Considering that a substantial body of information on the safety and pharmacokinetics of DCA and DHEA in humans is already available,^[@b8-1040806]--[@b11-1040806]^ one can expect probable future translation of these drugs into clinical use as anti-platelet agents.

Methods
=======

Ethical approval
----------------

The animal experiments were approved by the Central Animal Ethical Committee of the Institute of Medical Sciences, Banaras Hindu University. All efforts were made to minimize the number of animals used, and their suffering. Peripheral venous blood samples were collected from healthy participants after obtaining written informed consent, strictly in accordance with the recommendations and as approved by the ethical committee of the Institute of Medical Sciences, Banaras Hindu University.

Platelet preparation and mitochondrial respirometry
---------------------------------------------------

Platelets were isolated from fresh human blood by differential centrifugation, as already described.^[@b12-1040806]^ Mitochondrial respiration was measured using a high-resolution respirometer (Oxygraph-2k, Oroboros Instruments) as previously described.^[@b12-1040806]^ Details are provided in the *Online Supplement*.

Measurements of glucose, lactate and NAPDH
------------------------------------------

Rates of glucose uptake and lactate secretion in thrombin (0.5 U/mL)-stimulated platelets were determined using an YSI 2900D Multiparameter Bioanalytical System (YSI Life Sciences), which uses immobilized enzyme electrodes and electrochemistry-based biosensing.^[@b13-1040806]^

The ratio of NADPH to total NADP(H) in washed human platelets was determined using a NADP/NADPH assay kit (Sigma). For this, NADP was decomposed at 60° C for 30 min followed by estimation of the amount of NADPH. To estimate total NADP(H), extract was directly processed for color development following the instructions of the kit's manufacturer and absorbance was recorded at 450 nm.

Platelet aggregation and granule secretion
------------------------------------------

Platelets suspended in buffer B or in platelet-rich plasma were stirred (1200 rpm) at 37°C in an optical lumi-aggregometer (Chrono-log model 700-2) for 1 min. Platelet aggregation induced with thrombin or collagen was recorded as percent change in light transmittance where 100% reflects transmittance through a blank (buffer or platelet-poor plasma).^[@b12-1040806]^

Release of adenine nucleotides from platelet dense granules was measured with the Chronolume reagent (stock concentration, 0.2 μM luciferase/luciferin). Luminescence generated was monitored using the lumi-aggregometer in parallel with the platelet aggregation measurement.^[@b12-1040806]^

Secretion from platelet α-granules was evaluated by quantifying surface expression of P-selectin as described previously.^[@b12-1040806]^

Details are provided in the *Online Supplement*.

Platelet surface integrin activation and GLUT3 expression
---------------------------------------------------------

Platelet surface integrin activation was analyzed as described previously.^[@b12-1040806]^

In order to measure GLUT3 surface expression, platelets were fixed with an equal volume of 4% paraformaldehyde, washed and blocked with 2% bovine serum albumin for 40 min before being incubated with a GLUT3-specific antibody for 2 h, and then washed and stained with Alexa Fluor 488-conjugated goat anti-mouse antibody for 1 h. Cells were analyzed by flow cytometry as described above.

Further details are provided in the *Online Supplement*.

Measurement of intracellular reactive oxygen species
----------------------------------------------------

The intracellular levels of reactive oxygen species (ROS) were determined using a redox-sensitive cell-permeable dye, H~2~DCF-DA as described elsewhere.^[@b14-1040806]^ Details are available in the *Online Supplement*.

Immunoblotting
--------------

Immunoblotting experiments were performed as described previously.^[@b12-1040806]^ Details are given in the *Online Supplement*.

Studies of coagulant activity
-----------------------------

Externalization of phosphatidylserine, a measure of surface procoagulant activity, in stimulated platelets was assessed from annexin V binding, as described previously.^[@b15-1040806]^

Animal experiments
------------------

Intravital microscopy of ferric chloride-induced thrombosis of mice mesenteric arterioles was performed as described elsewhere,^[@b16-1040806]^ with some modifications.

Tail bleeding time experiments were carried out as described previously,^[@b17-1040806]^ with minor modifications.

Pulmonary embolism was induced by collagen-epinephrine in 12- to 20-week old Swiss albino mice of either sex as described previously.^[@b12-1040806]^

The methods are described in detail in the *Online Supplement*.

Results
=======

Platelets exhibit a higher rate of aerobic glycolysis upon agonist stimulation
------------------------------------------------------------------------------

We measured oxygen flux in platelets (suspended in Tyrode modified buffer under stirring) using a Clark amperometric electrode at high resolution (sampling at 2 s intervals). This system in a cuvette format closely resembles the platelet aggregometry of Born. When we exposed platelets to thrombin (0.5 U/mL), a strong physiological agonist, there was a rapid surge in oxygen consumption rate over the basal respiration (within the first 90 s of stimulation) ([Figure 1A,B](#f1-1040806){ref-type="fig"}), apparently driven by energy-demanding early platelet responses. This upsurge in oxygen consumption rate was, however, followed by an abrupt fall ([Figure 1A,B](#f1-1040806){ref-type="fig"}) that, intriguingly, coincided with the exponentially rising phase of the platelet aggregatory response (*Online Supplementary Figure S1A*). We recorded identical peaking and plunging of oxygen consumption in platelets upon stimulation with collagen, another physiological agonist (*Online Supplementary Figure S1B*).

![Platelets exhibit higher rate of aerobic glycolysis upon agonist stimulation. (A) Polarograms exhibiting oxygen flow or oxygen concentration in thrombin (0.5 U/mL)-stimulated platelets suspended in Tyrode modified buffer. The platelets were not pretreated (upper panel) or were pretreated with DCA (20 mM) (lower panel). The blue line represents oxygen concentration within the chamber while the red line traces the rate of oxygen consumption by the cells. (B) Scatter dot plots representing routine, peak (following thrombin addition) and post-peak respiration in platelets. (C) Fold change in the rate of glucose uptake (black circles) and lactate secretion (blue squares) in platelets treated with different reagents as indicated. (D and E) GLUT3 externalization as observed by flow cytometry in platelets treated with different reagents as indicated. Data are presented as the mean ± standard error of mean. Each dot represents an independent observation. (\**P*\<0.05 as compared to resting platelets; \#*P*\<0.05 as compared to thrombin-stimulated platelets). CC, compound C; DCA: dichloroacetate; RP: resting platelets; Thr: thrombin.](104806.fig1){#f1-1040806}

We sought to identify the reason underlying this rapid plunge in oxygen consumption of stimulated platelets, despite continued ATP requirement for energy-intensive processes such as cytoskeletal reorganization, shedding of extracellular vesicles, and protein synthesis, which are all associated with platelet activation. As aggregate formation could restrict access of oxygen to cells persisting within the core of the aggregate mass, we performed respirometry experiments after pre-treatment with Arg-Gly-Asp-Ser (RGDS), a tetrapeptide that prevents platelet aggregation. Strikingly, we noticed no difference in polarogram profiles (*Online Supplementary Figure S1C*), which ruled out any contribution of cell-cell aggregate formation to the observed drop in oxygen consumption. A reduced rate of cellular respiration could reflect dysfunctional mitochondria in agonist-treated platelets.^[@b18-1040806]^ We found that oxygen flux following sequential treatment of platelets with oligomycin (an inhibitor of ATPase), carbonyl cyanide m-chlorophenyl hydrazine (an uncoupler), and antimycin A (an inhibitor of respiratory complex III) was consistent with the presence of well-coupled and viable mitochondria in stimulated platelets (*Online Supplementary Figure S2A*). This prompted us to hypothesize a Warburg-like phenomenon^[@b19-1040806]^ in stimulated platelets. Consistent with this proposition, the decline in oxygen flux was obviated when platelets were exposed to DCA ([Figure 1A,B](#f1-1040806){ref-type="fig"}), which enhances flux through the tricarboxylic acid (TCA) cycle by promoting pyruvate dehydrogenase activity, or to methylene blue, an alternative electron carrier (*Online Supplementary Figure S2B*).

The Warburg effect, or aerobic glycolysis, entails augmented uptake of glucose from external medium by the cells. We detected 1.8- and 2-fold increases in glucose uptake and lactate generation, respectively, by platelets upon exposure to thrombin ([Figure 1C](#f1-1040806){ref-type="fig"}). Enhanced glucose uptake by stimulated platelets is mediated through cell membrane translocation of cytosolic preformed GLUT3.^[@b20-1040806]^ As expected, we observed a nearly 41% rise in surface expression of GLUT3 upon stimulation of platelets with thrombin (0.5 U/mL) ([Figure 1D,E](#f1-1040806){ref-type="fig"}). The surface mobilization of GLUT3 in neuronal cells is regulated by the activity of AMP-activated protein kinase (AMPK).^[@b21-1040806]^ In line with this, pre-treatment of platelets with compound C, which is a specific inhibitor of AMPK, resulted in a significant drop (by \~31%) of GLUT3 expression on thrombin-stimulated platelets ([Figure 1D,E](#f1-1040806){ref-type="fig"}).

Stimulated platelets switch to aerobic glycolysis through negative regulation of pyruvate dehydrogenase and pyruvate kinase M2
------------------------------------------------------------------------------------------------------------------------------

We next sought to elucidate the mechanism underlying the observed switch to aerobic glycolysis from oxidative phosphorylation in stimulated platelets. Pyruvate dehydrogenase (PDH), the 'gate-keeper' enzyme, determines the relative fluxes through glycolysis and oxidative phosphorylation. PDH activity is regulated through inhibitory phosphorylation (at S293) by pyruvate dehydrogenase kinase (PDK).^[@b22-1040806]^ We examined the expression of phosphorylated PDH in thrombin-stimulated platelets by using a phospho-specific antibody. Thrombin (0.5 U/mL) induced a rise in the level of phosphorylated PDH in platelets ([Figure 2A,B](#f2-1040806){ref-type="fig"}), which diverts flux away from the TCA cycle. DCA (20 mM), a pharmacological inhibitor of PDK, almost completely abolished phosphorylation of PDH ([Figure 2A,B](#f2-1040806){ref-type="fig"}) and partially restored the drop in oxygen consumption in thrombin-treated platelets ([Figure 1A](#f1-1040806){ref-type="fig"} lower panel, [1B](#f1-1040806){ref-type="fig"}). Pre-exposure to DCA also led to significant inhibition of the thrombin-induced rises in the rates of glucose uptake and lactate generation (by 33% and 28%, respectively) ([Figure 1C](#f1-1040806){ref-type="fig"}), suggesting PDK-mediated inactivation of PDH and decreased flux through the TCA cycle in stimulated platelets. Interestingly, DCA also triggered a 20% drop in GLUT3 externalization ([Figure 1D,E](#f1-1040806){ref-type="fig"}) in thrombin-stimulated platelets. AMPK is known to induce phosphorylation of PDH under conditions of nutrient-deprivation leading to inhibition of PDH activity.^[@b23-1040806]^ Exposure to compound C reversed the increases in PDH phosphorylation ([Figure 2A,B](#f2-1040806){ref-type="fig"}) as well as glucose uptake/lactate secretion rates ([Figure 2E](#f2-1040806){ref-type="fig"}) that were observed in thrombin-stimulated platelets. As AMPK activity in platelets is upregulated by thrombin,^[@b24-1040806]^ this kinase is positioned in the thrombin signaling pathway, upstream of PDH.

![Regulation of aerobic glycolysis and the pentose phosphate pathway in stimulated platelets. (A and C) Representative immunoblots showing expression of phospho-PDH (Ser 293) and phospho-PKM2 (Tyr 105), respectively, in platelets treated with different reagents (thrombin, 0.5 U/mL; compound C, 50 μM; DCA, 20 mM; PP2, 50 μM) as indicated. (B and D) Corresponding scatter dot plots showing expression of phospho-PDH relative to β-actin and phospho-PKM2 relative to total PKM2, respectively, after densitometry analysis. (E) Glucose uptake and lactate secretion rates in platelets treated with different reagents. (F) Scatter dot plot showing the ratio of NADPH to total NADP(H) in platelets treated with different reagents as indicated. (G and H) ROS generation as detected by H2DCFDA dye in platelets treated with different reagents as indicated. The dose of apocynin was 600 μM. Data are presented as the mean ± standard error of mean. Each dot represents an independent observation. (\*P\<0.05 as compared to resting platelets; ^\#^*P*\<0.05 as compared to thrombin-stimulated platelets). Apo: apocynin; CC, compound C; DCA: dichloroacetate; DASA: diarylsulfonamide; DHEA: dehydroepiandrosterone sulphate; PDH: pyruvate dehydrogenase; PKM2: pyruvate kinase splice variant; RP: resting platelets; Thr: thrombin.](104806.fig2){#f2-1040806}

Neoplastic transformation of cells is associated with expression of PKM2, a splice variant of pyruvate kinase, which, unlike PKM1, facilitates aerobic glycolysis through a low-activity dimer state.^[@b25-1040806]^ We report that PKM2 is significantly expressed in human platelets (*Online Supplementary Figure S3A*). Expression of the PKM2 mRNA splice form was remarkably higher than that of its PKM1 counterpart (*Online Supplementary Figure S3B*). Phosphorylation of PKM2 at Y105 is associated with sustenance of the dimer state with attenuated catalytic activity.^[@b26-1040806]^ Using a phospho-specific antibody we observed that exposure to thrombin (0.5 U/mL) evoked appreciably higher phosphorylation (Y105) of PKM2, suggesting low enzymatic activity in stimulated platelets. This phosphorylation was reversed by PP2, an inhibitor of Src family tyrosine kinases, which are activated in stimulated platelets ([Figure 2C](#f2-1040806){ref-type="fig"}). PP2 also regressed the thrombin-induced increases in glucose uptake/lactate secretion rates in platelets ([Figure 2E](#f2-1040806){ref-type="fig"}). Pretreatment of cells with DASA (200 μM), an activator of PKM2, decreased thrombin-induced GLUT3 externalization by 36% ([Figure 1D,E](#f1-1040806){ref-type="fig"}). Thus, our findings suggest that stimulated platelets make a metabolic switch to aerobic glycolysis through post-translational regulation of PDH and PKM2 enzyme activities.

Enhanced flux through the pentose phosphate pathway supports reactive oxygen species-dependent integrin activation
------------------------------------------------------------------------------------------------------------------

Aerobic glycolysis and low PKM2 activity would lead to pooling of glycolytic intermediates upstream of pyruvate, which include glucose-6-phosphate, a substrate for the PPP.^[@b25-1040806]^ Hence, we studied metabolic flux through the PPP in thrombin-stimulated platelets, as reflected by the ratio of NADPH to total NADP(H) levels. Thrombin (0.5 U/mL) induced a significant rise (by 50%) in the ratio of NADPH to total NADP(H), which was reversed by up to \~20% in the presence of DHEA (200 μM) ([Figure 2F](#f2-1040806){ref-type="fig"}). DHEA, an endogenous steroid hormone, is an inhibitor of glucose 6-phosphate dehydrogenase, the rate-limiting enzyme of the PPP. Small-molecule modulators that facilitate the TCA cycle and check the rate of aerobic glycolysis would also restrict flux of metabolites through the PPP. Predictably, pre-exposure of platelets to DCA (20 mM) or DASA (200 μM) led to reductions in the ratio of NADPH to total NADP(H) of 47% and 12%, respectively ([Figure 2F](#f2-1040806){ref-type="fig"}).

Activity of NADPH oxidase (NOX) has been widely documented as a significant source of ROS in stimulated platelets.^[@b27-1040806],[@b28-1040806]^ We investigated whether NADPH accumulated in thrombin-stimulated platelets acts as a substrate for NOX, and leads to enhanced generation of ROS. In keeping with this possibility, pre-incubation of platelets with either DHEA or apocynin (a NOX inhibitor) prior to exposure to thrombin resulted in 63% and 62% attenuation in ROS generation, respectively. Remarkably, pre-treatment with DCA and DASA also led to 59% and 43% decreases, respectively, in ROS production in thrombin-stimulated platelets ([Figure 2G,H](#f2-1040806){ref-type="fig"}). These decreases were consistent with the impeded PPP flux observed in the presence of these molecules.

There is now considerable evidence to suggest that ROS are important mediators of the platelet activation signaling^[@b29-1040806]^ that culminates in the expression of conformationally-active integrin α~IIb~ β~IIIa~.^[@b27-1040806]^ Consistently, DHEA as well as NOX inhibitors -- DPI and apocynin -- attenuated the binding of PAC-1 (an antibody directed against conformationally-active integrin α~IIb~β~IIIa~) to thrombin-stimulated platelets by 59%, 56%, and 62%, respectively ([Figure 3A,B](#f3-1040806){ref-type="fig"}). DCA and DASA, which limit flux through the PPP, also inhibited PAC-1 binding by 32% and 65%, respectively. Furthermore, the role of ROS in mediating platelet activation was underscored by near-total abrogation of thrombin-induced PAC-1 binding to platelets in the presence of N-acetyl cysteine (10 mM), a ROS scavenger (*Online Supplementary Figure S4*). As an active conformer of α~IIb~β~3~ is endowed with high affinity towards fibrinogen, we next studied the association of fluorescently labeled fibrinogen to thrombin-stimulated platelets in the presence of these small-molecule modulators. DCA, DASA, DHEA, DPI and apocynin attenuated fibrinogen binding to stimulated platelets by \~ 28%, 58%, 37%, 49%, and 63% respectively ([Figure 3C,D](#f3-1040806){ref-type="fig"}).

![Decreased metabolic flux through the pentose phosphate pathway impairs platelet responsiveness to agonist stimulation. (A and B) PAC-1 binding in platelets treated with different reagents as indicated. (C and D) Binding of fluorescent fibrinogen to platelets treated with different reagents as indicated. (E and G) Platelet aggregation induced by thrombin (0.2 U/mL) and collagen (2 μg/mL), respectively in the presence of vehicle (control), DCA (20 mM), DASA (200 μM) or DHEA (200 μM) (many times) (tracings 1, 2, 3 and 4 respectively). (F and H) Scatter dot plots showing platelet aggregation. (I and J) Fluorescent-labeled annexin V binding to platelets treated with various reagents as indicated. Data are presented as the mean ± standard error of mean. Each dot represents an independent observation. (\**P*\<0.05 as compared to resting platelets; ^\#^*P*\<0.05 as compared to thrombin-stimulated platelets). Apo: apocynin; DASA: diarylsulfonamide; DCA: dichloroacetate; DHEA: dehydroepiandrosterone sulphate; RP: resting platelets; Thr: thrombin](104806.fig3){#f3-1040806}

Small-molecule inhibitors of aerobic glycolysis and the pentose phosphate pathway impair platelet responsiveness
----------------------------------------------------------------------------------------------------------------

As we demonstrated that small-molecule inhibitors of aerobic glycolysis and the PPP could prevent platelet surface integrins α~IIb~β~3~ from switching to an active conformation and attenuate fibrinogen binding, we asked whether they could also inhibit activation-initiated platelet responses including aggregation and secretion of granule contents. Pre-treatment with DCA (20 mM), DASA (200 mM) or DHEA (200 mM) led to reductions in platelet aggregation evoked by thrombin (0.5 U/mL) by 61%, 58% and 19%, respectively ([Figure 3E,F](#f3-1040806){ref-type="fig"}). A similar inhibition of collagen (2 μg/mL)-induced platelet aggregation, albeit to a much greater extent, was also observed ([Figure 3G,H](#f3-1040806){ref-type="fig"}), which was consistent with a previous report that described inhibition of platelet aggregation by DHEA in an Akt/ERK/p38 MAPK-dependent fashion.^[@b30-1040806]^ Surface externalization of P-selectin from α-granules and secretion of adenine nucleotides stored in dense granules dropped upon pre-treatment with DCA, DASA or DHEA (*Online Supplementary Figure S5*). These small molecules also inhibited phosphatidylserine exposure (measured through annexin V binding) on the surface of stimulated platelets ([Figure 3I,J](#f3-1040806){ref-type="fig"}), which is critical for the procoagulant activity of the platelets.^[@b31-1040806]^ Thrombin elicited shedding of extracellular vesicles (size range, 25-800 nm; predominantly 100-250 nm) bearing a phosphatidylserine-rich procoagulant surface^[@b32-1040806]^ from platelets, a phenomenon which was also mitigated by \~40% in the presence of DCA (*Online Supplementary Figure S6*). The foregoing observations strongly underscore the significance of aerobic glycolysis and the PPP-NOX axis in platelet activation and thrombosis. In contrast to DCA, pre-treatment with either antimycin or oligomycin did not significantly inhibit platelet aggregation induced by thrombin (0.2 U/mL) (*Online Supplementary Figure S7*), suggesting that mitochondrial respiration is relatively dispensable for platelet activation responses. To rule out the possibility that the observed attenuation in platelet activity was a consequence of cell death induced by the small-molecule modulators, we performed a lactate dehydrogenase leak assay. There was no significant release of lactate dehydrogenase activity from platelets when cells were exposed to DCA (20 mM), DASA (200 mM) or DHEA (200 mM) for up to 2 h (*Online Supplementary Figure S8*).

Small-molecule inhibitors of aerobic glycolysis and the pentose phosphate pathway preclude thrombosis in mice
-------------------------------------------------------------------------------------------------------------

Platelets play a pivotal role in the pathogenesis of arterial thrombosis which underlies occlusive vasculopathies such as acute myocardial infarction and ischemic stroke. In order to establish a link between energy metabolism in activated platelets and arterial thrombosis *in vivo*, we studied the effect of small-molecule metabolic modulators in a murine model of mesenteric thrombosis induced by ferric chloride. We fluorescently labeled the platelets and induced intramural thrombus in exteriorized mesenteric arterioles of mice administered DCA (200 mg/kg intraperitoneal), DHEA (50 mg/kg intraperitoneal), DASA (40 mg/kg intravenous) or vehicle (control). Intravital imaging of thrombus formation was carried out by epifluorescence video microscopy using a high-speed camera. We documented the time required for initial thrombus formation, rate of thrombus growth and time to occlusion as pointers to the initiation, propagation and stabilization of thrombus, respectively. Strikingly, mice pre-treated with DCA (*Online Supplementary Video S2*), DHEA (*Online Supplementary Video S3*) or DASA (*Online Supplementary Video S4*) had significantly prolonged mean times to form first thrombus compared to vehicle-treated mice (DCA, 9.6 ± 1.2 min; DHEA, 11.8 ± 1.02 min; DASA, 9.67 ± 1.2 min, *versus* control, 5.9 ± 0.60 min) ([Figure 4A,B](#f4-1040806){ref-type="fig"}) and impaired thrombus growth rate ([Figure 4A,C,D](#f4-1040806){ref-type="fig"}) compared to vehicle-treated mice (*Online Supplementary Video S1*). While the mean occlusion time for control mice was 20.4 ± 2.38 min, stable occlusion failed to occur even after 40 min from the time of injury in all DHEA-pretreated mice and most of the mice administered DCA or DASA (except one from each group) ([Figure 4E](#f4-1040806){ref-type="fig"}). These results suggest that agents that block metabolic reprogramming to aerobic glycolysis and the PPP in stimulated platelets cause profound impairment of arterial thrombosis *in vivo*.

![Small-molecule inhibitors of aerobic glycolysis and the pentose phosphate pathway impair thrombus formation in mice. (A) Representative time lapse images exhibiting thrombus formation in mice, pre-administered either vehicle (control), DCA, DHEA, or DASA captured 5, 10 or 15 min after injury of mesenteric arterioles of \>100 mm diameter with ferric chloride. (B and E) Scatter dot plots representing, respectively, time to first thrombus formation and time to stable occlusion in mice pre-administered vehicle (control), DCA, DHEA or DASA. (C and D) Line graph and bar diagram showing thrombus growth rate in different treatment groups, as indicated. Each dot in the scatter plots represents an independent observation. Data are expressed as the mean ± standard error of mean. \**P*\<0.05 with respect to vehicle-treated mice. DASA: diarylsulfonamide; DCA: dichloroacetate; DHEA: dehydroepiandrosterone sulphate.](104806.fig4){#f4-1040806}

We corroborated the above findings in a mouse model of collagen-epinephrine-induced pulmonary embolism. Mice were pretreated with DCA (200 mg/kg), DHEA (50 mg/kg), DASA (40 mg/kg) or vehicle (control), followed by intravenous administration of a collagen-epinephrine mixture to induce pulmonary embolism. Hematoxylin & eosin-stained lung sections from mice pretreated with small-molecule inhibitors displayed significantly fewer thrombosed pulmonary vessels \[DCA, 4.12 ± 1.4 per low power field (lpf); DHEA, 4.02 ± 0.82/lpf; DASA, 3.03 ± 0.74/lpf; *versus* control 8.1 ± 0.95/lpf) with erythrocyte extravasation in some fields. These observations establish that prohibition of platelet aerobic glycolysis or the PPP prevents thrombosis, and may impair hemostasis.

We next evaluated the effect of metabolic modulators on primary hemostasis in mice by a tail-bleeding assay. Administration of DCA (200 mg/kg, intraperitoneal), DHEA (50 mg/kg, intraperitoneal) or DASA (40 mg/kg, intravenous) to the mice was associated with prolonged bleeding times ([Figure 5C](#f5-1040806){ref-type="fig"}) as well as an increase in the amount of bleeding compared to that of vehicle-treated animals (*Online Supplementary Figure S9*). These observations establish that aerobic glycolysis and consequent flux through the PPP are also essential for hemostasis.

![Small-molecule inhibitors of aerobic glycolysis and the pentose phosphate pathway impair pulmonary embolism and hemostasis. (A) Representative light microscopy images (100X magnification) of hematoxylin & eosin-stained lung sections from mice administered collagen (1 mg/kg) plus epinephrine (10 μg/kg) after pre-treatment with vehicle (control), DCA, DHEA, or DASA as indicated. Black arrows indicate thrombi within the lumen of pulmonary vessels. Yellow arrows indicate extravasated erythrocytes. (B and C) Scatter dot plots showing number of thrombosed pulmonary vessels per low power field and tail-bleeding times, respectively, of mice administered with vehicle, DCA, DHEA or DASA. Data are presented as the mean ± standard error of mean. Each dot represents an independent observation. DASA: diarylsulfonamide; DCA: dichloroacetate; DHEA: dehydroepiandrosterone sulphate.](104806.fig5){#f5-1040806}

Discussion
==========

The essence of platelet function is response to stimuli. Platelets respond to hemostatic cues with a series of activities, both early and late, which are categorically energy-intensive.^[@b5-1040806],[@b6-1040806]^ These activities lead to the generation of macroscopic cell-cell aggregates and fibrin-rich thrombi that can stop bleeding or potentially occlude blood vessels with disastrous consequences to human health. Evidently, platelet energy metabolism sustains a thrombus until it is lysed by the fibrinolytic system. Hence, in our search for an effective anti-thrombotic strategy, we focused on metabolic adaptations of platelets to agonist stimulation. We reasoned that disruption of key metabolic steps would prevent platelet activation, which could be developed into a potent anti-thrombotic measure.

When we exposed platelets to physiological agonists, there was sharp rise in cellular oxygen consumption apparently driven by energy-demanding early platelet responses such as shape change, cytoskeletal reorganization, aggregation and granule secretion.^[@b4-1040806],[@b7-1040806],[@b33-1040806],[@b34-1040806]^ Intriguingly, this rise was short-lived and was followed by an abrupt drop at a time when platelets continued to aggregate and would possibly be required to discharge resource-intensive late responses such as retraction of fibrin clot, shedding of extracellular vesicles and protein synthesis. We sought the reason behind this rapid plunge in oxygen consumption despite enhanced ATP requirement. Aggregate formation could restrict access of oxygen to cells persisting within the core of the aggregate mass. However, this possibility was ruled out as oxygen flux in cells pre-treated with RGDS, a tetrapeptide that blocks platelet aggregation, was identical to that in aggregated platelets. Possible mitochondrial dysfunction in stimulated cells was also unlikely as leak respiration and non-mitochondrial oxygen consumption in oligomycin- and antimycin A-treated activated platelets, respectively, were suggestive of viable and well-coupled mitochondria. This prompted us to hypothesize a Warburg effect-like phenomenon in stimulated platelets whereby pyruvate is prevented from oxidation in the TCA cycle leading to a decline in mitochondrial respiration. Consistent with this possibility, the drop in oxygen flux was obviated when platelets were exposed to agents such as DCA (which enhances flux through the TCA cycle), or alternative electron carriers (methylene blue and toluidine blue O).

The Warburg effect or aerobic glycolysis would require enhanced uptake of glucose by the cells in order to sustain adequate ATP generation by glycolysis. In keeping with this and an earlier report,^[@b20-1040806]^ we observed surface translocation of cytosolic GLUT3, the major glucose transporter, in thrombin-stimulated platelets. As already observed for neuronal cells,^[@b21-1040806]^ GLUT3 externalization in platelets was facilitated by AMPK, whose activity is known to be upregulated by agonist stimulation.^[@b24-1040806]^ Enhanced surface expression of GLUT3 was corroborated by a nearly 2-fold rise in the uptake of glucose in thrombin-activated platelets. In parallel there was enhanced secretion of lactate into medium, which was in line with earlier reports of extracellular acidification induced by agonists.^[@b34-1040806]--[@b37-1040806]^

The metabolic checkpoint at the level of pyruvate, which is generated by the enzymatic activity of pyruvate kinase, determines whether glucose will be catabolized to lactate (by glycolysis) or through mitochondrial pathways. The enzyme PDH, part of a larger complex, catalyzes conversion of pyruvate to acetyl-CoA, which is then channeled into the TCA cycle for further oxidation and generation of ATP. Reactions catalyzed by PDH and pyruvate kinase are thus two critical hubs in the landscape of cellular glucose metabolism. PDH activity is regulated through inhibitory serine-293 phosphorylation by the enzyme PDK.^[@b22-1040806]^ An increase in the activity of PDK and/or reduced PDH activity restricts flux of pyruvate into the TCA cycle and favors aerobic glycolysis. Inhibitory phosphorylation of PDH is known to be induced by AMPK under conditions of nutrient-deprivation.^[@b23-1040806]^ We observed an increase in phosphorylated PDH in agonist-stimulated platelets, which was reversed by inhibition of AMPK activity. Notably, we also discovered that platelets express PKM2, a tissue-specific isoform of pyruvate kinase, which, in low-activity state, facilitates aerobic glycolysis.^[@b38-1040806]^ Phosphorylation of PKM2 at Y105 is associated with sustenance of a dimer state with attenuated catalytic activity.^[@b26-1040806]^ Interestingly, agonist stimulation of platelets also led to increased expression of phosphorylated PKM2, which could be reduced to a basal level by inhibition of Src family kinases. Thus, we show here that metabolism in stimulated platelets switches to aerobic glycolysis through active regulation of PDH and PKM2; this switch leads to accumulation of glycolytic intermediates upstream of pyruvate and facilitates flux through the PPP.^[@b25-1040806]^ Consistent with this we observed significant enrichment in the pool of NADPH, a direct readout of the PPP, in thrombin-stimulated platelets.

Increased levels of NADPH in most cells lead to a reductive state through generation of reduced glutathione.^[@b25-1040806]^ Yet, in an apparent paradox, NADPH can also serve as a substrate for the enzyme NADPH oxidase generating super-oxide free radicals in the phagocytic cells, such as neutrophils, of the innate immune system.^[@b39-1040806]^ Platelets are now widely recognized to be key players in immune responses.^[@b40-1040806],[@b41-1040806]^ Possibly owing to genealogical and now increasingly recognized functional relationships of platelets with innate immunity, these cells, too, express significant levels of NOX activity,^[@b28-1040806]^ which is in fact the primary source of ROS in activated platelets.^[@b27-1040806],[@b28-1040806]^ Our findings were consistent with a rise in the levels of NADPH in stimulated platelets serving to increase the generation of ROS through activity of NOX. There is now compelling evidence indicating that NOX-generated ROS are important mediators of platelet activation signaling,^[@b29-1040806],[@b42-1040806]^ which culminates in the expression of a conformationally active form of integrins α~IIb~ β~IIIa~.^[@b27-1040806],[@b43-1040806]^ Remarkably, pre-treatment of platelets with small-molecule inhibitors of either aerobic glycolysis (DCA or DASA) or the PPP (DHEA) brought about a significant drop in agonist-induced ROS production as well as integrin activation, and was associated with profound impairment in platelet responses to agonists (platelet aggregation, fibrinogen binding and secretion of contents of dense and α granules). The metabolic inhibitors also attenuated phosphatidylserine exposure and extracellular vesicle release, both measures of a procoagulant phenotype^[@b31-1040806],[@b32-1040806]^ in platelets, thus underlining the significance of aerobic glycolysis and the PPP-NOX axis in platelet activation and thrombosis. In agreement with our findings, genetic deficiency of glucose 6-phosphate dehydrogenase, the key regulatory enzyme in the PPP, is known to be associated with a remarkably lower risk of cardiovascular mortality.^[@b44-1040806],[@b45-1040806]^ Strikingly, intravenous administration of metabolic modulators significantly delayed thrombus formation in mesenteric arterioles, retarded thrombus growth and prolonged time needed for complete vascular occlusion in murine models. Thus, our findings suggest that aerobic glycolysis and associated flux through the PPP in stimulated platelets play critical roles in arterial thrombosis and underscore the therapeutic potential of targeting metabolic pathways as a novel anti-thrombotic approach ([Figure 6](#f6-1040806){ref-type="fig"}). These results are also consistent with two recent articles by Abel's group, which establish the role of glucose metabolism in platelet activation using transgenic mice with platelet-specific ablation of glucose transporters.^[@b36-1040806],[@b37-1040806]^

![Scheme for metabolic flux in stimulated platelets and sites of action of small-molecule modulators. Stimulated platelets switch to aerobic glycolysis through negative regulation of pyruvate kinase M2 and pyruvate dehydrogenase enzyme activities. The consequent increase in flux through the pentose phosphate pathway generates NADPH that fuels ROS generation by NADPH oxidase. ROS signaling in turn mediates platelet activation, thrombosis and hemostasis. Small-molecule modulators that reverse this metabolic adaptation inhibit platelet activation and impair thrombus formation. DASA: diarylsulfonamide; DCA: dichloroacetate; DHEA: dehydroepiandrosterone sulphate; NOX: NADPH oxidase; PDH: pyruvate dehydrogenase; PDK: pyruvate dehydrogenase kinase PKM2: pyruvate kinase M2; PPP: pentose phosphate pathway; ROS: reactive oxygen species.](104806.fig6){#f6-1040806}

Currently available anti-platelet agents are plagued by limited efficacy^[@b2-1040806]^ which could be attributed to remarkable redundancy in agonist stimuli and downstream signaling pathways that lead to platelet activation. Thus, conventional anti-platelet therapeutic regimens that target specific agonists/activation pathways may not confer absolute protection against thrombotic episodes, as platelets can still be stimulated by other potential triggers and parallel signaling inputs. It is, therefore, vital to discover novel anti-platelet strategies to address these challenges and cater to this largely unmet medical need. The small-molecule metabolic modulators employed in our study block essential metabolic checkpoints in stimulated platelets and effectively prevent platelet activation irrespective of the nature of the agonists and ensuing signaling pathways.

We validated our findings in a murine model of thrombosis in which deep vein thrombosis and pulmonary embolism were induced by intravenous administration of collagen and epinephrine. Notably, mice pre-treated with small-molecule metabolic modulators were protected from pulmonary thromboembolism. However, lung sections in these animals revealed extravasated erythrocytes, which was in keeping with prolonged tail-bleeding following administration of metabolic modulators. Thus, these small molecules can impair hemostasis despite conferring significant protection against thrombosis. Therefore, targeting platelet metabolism, much like currently available anti-platelet regimens, would involve a tightrope-walk of dose adjustment for effective prevention of thrombotic events without raising the risk of bleeding complications. Remarkably, metabolic modulators employed in our study have some differential effects on tail bleeding and thrombus stability, which raises hope for preferential targeting of thrombosis over hemostasis in the future by tweaking specific metabolic pathways.

While it would not be possible to predict the off-target adverse effects of the small-molecule metabolic modulators at this stage, the potential for non-selective effects being beneficial to overall cardiovascular health cannot be overemphasized. DCA has been found to be effective in improving cardiac function after ischemia/reperfusion injury^[@b46-1040806]--[@b48-1040806]^ as well as in preventing restenosis after vessel injury^[@b49-1040806]^ in preclinical models. There is substantial clinical evidence linking higher serum DHEA levels to decreased cardiovascular mortality.^[@b50-1040806]^ Small-molecule activators of PKM2 have been shown to reverse the pro-inflammatory phenotype of monocytes/macrophages isolated from patients with atherosclerotic coronary artery disease.^[@b51-1040806]^

Although DASA is only in preclinical stages of development as an antineoplastic drug,^[@b52-1040806]^ DCA is already under clinical trials against various cancers^[@b10-1040806],[@b53-1040806]^ and congenital lactic acidosis^[@b8-1040806],[@b54-1040806]^ while DHEA was recently granted Food and Drug Administration approval for clinical use in postmenopausal women.^[@b9-1040806]^ Hence, considerable information on the safety and pharmacokinetics of the latter drugs in humans is already available, which could in future pave the way for clinical trials of the drugs as potential anti-platelet/anti-thrombotic agents in the management of thrombotic disorders. In conclusion, this study suggests an indispensable role for platelet energy metabolism in thrombogenesis with potential implications for the development of anti-thrombotic strategies. Future investigations directed at metabolic adaptations of platelets within a developing thrombus *in vivo* could potentially identify many more therapeutic opportunities.
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